Colloidal suspensions are susceptible to gravitationally induced phase separation. This can be mitigated by the formation of a particle network caused by depletion attraction. The effectiveness of this network in supporting the buoyant weight of the suspension can be characterized by its compressional modulus. We measure the compressional modulus for emulsion networks induced by depletion attraction and present a model that quantitatively predicts their gravitational stability. We also determine the relationship between the strength of the depletion attraction and the magnitude of the compressional modulus.
Any colloidal suspension is susceptible to gravitationally induced sedimentation or creaming, which can lead to phase separation of the particles, even if they are otherwise stable against aggregation or coalescence. This is particularly important for commercial products, where gravitational stability can ultimately limit shelf life. Gravitational stability can be enhanced by density matching the particles to the suspending fluid, by restricting the particle size so that their Brownian motion helps keep them suspended, or by increasing the viscosity of the suspending fluid to slow phase separation. However, these methods are often not feasible. An alternate method that is frequently used is to cause a weak attraction between the particles, resulting in a solidlike network or gel of the particles themselves, which helps support their buoyant weight [1] . The network can still easily yield under shear, allowing the suspension to flow. A convenient means of inducing the requisite interparticle attraction is through the depletion interaction [2] , caused by the addition of nonadsorbing particles or polymer to the suspension. Indeed, polymers added to the suspension to increase its viscosity to slow the phase separation may also induce a depletion attraction, leading to gelation, and thereby providing an alternate means of stabilization. The ability of the network to support its buoyant weight is characterized by its compressional modulus [1] , from which we determine the stress the network can support as a function of the particle volume fraction, . The -dependence of the stress is analogous to the equation of state for equilibrium particles, where osmotic pressure balances buoyant stress [3] , and this has been measured for hard spheres [4, 5] . The compressional modulus has also been measured for networks of strongly attractive particles [1] . The gravitationally induced instability of weak depletion-attraction-induced networks has also been extensively investigated [6 -8] . However, for these systems there has been no investigation of the compressional modulus, its relationship to depletion attraction, and its role in gravitational stability with changing . Understanding these effects is essential to fully exploit this means of stabilization.
In this Letter, we measure the volume-fraction dependence of the compressional modulus of a depletionattraction-induced emulsion network and use this to determine the gravitational stability of the suspension. We calculate the time evolution of the height-dependent volume fraction of the suspension, and obtain excellent agreement with the data. We gain insight into the origin of the effect by determining the relationship between the depletion-attraction and the compressional modulus.
We use a colloidal suspension composed of a nearly monodisperse emulsion of paraffin oil in water at a volume fraction of 0 0:2, stabilized with a commercial nonionic surfactant (Lutensol TO8). We use two different emulsion samples with hydrodynamic radii of R 360 nm or R 170 nm, and with polydispersities of 30% of the mean, as measured with dynamic light scattering (DLS). The density mismatch of the oil is 0:16 g=cm 3 . To induce a depletion interaction, we add either a nonabsorbing polymer or one of two different surfactants to a concentration c m , above the critical micelle concentration (cmc 0:08 mM). The depletant polymer is polyvinylpyrrolidon (PVP) with molecular weight of 10 6 g=mol and r 25 nm as measured by DLS. The first surfactant (Lutensol TO8) has a micelle size of r 4:5 nm, while the second (Lutensol A8) has r 6 nm, as measured by DLS.
To determine the strength of the depletion attraction, we use static light scattering to measure the osmotic compressibility [9] of the polymer and micelles as functions of concentration, using literature values of dn=dc m [10, 11] , where n is the index of refraction. We integrate this to obtain the osmotic pressure, o , and calculate the maximum strength of the depletion interaction between oil drops, U o V dep , where V dep 2Rr 2 [12] .
To monitor the gravitational stability, we record images of the emulsions as they cream, and measure the position of the interface between the emulsion and the clear fluid subnatant. We use 23-mm diam cylindrical vials, and confirm that the size does not impact the results by varying the diameter by a factor of 2. We also confirm that the curved meniscus does not affect the results by repeating the experiment using a sample filled to the top of a sealed vial. We vary the initial height, H 0 , of the emulsion from 5 to 57 mm, and monitor the time evolution of the height, Ht, measured from the top of emulsion as shown in the left inset of Fig. 1 . When the depletion attraction is not too large, the taller samples initially cream slowly, and then exhibit delayed collapse [6] , where the sample precipitously creams to a more compressed state, shown for samples with R 360 nm and r 4:5 nm (solid points Fig. 1 ). Less tall samples cream monotonically, reaching a new steady-state height, with no delayed collapse (open points Fig. 1 ).
Varying H 0 allows us to vary the buoyant stress in the emulsion. Since the sample is a gel, the emulsion at the top of the sample is subject to the full buoyant stress of all the suspensions below. As the sample creams, the volume fraction at the top must increase from its initial value, 0 , to the final value, 1 , reflecting the local compressive strain. The ability of the sample to withstand this compression is determined quantitatively by the compressional modulus, K ÿ@=@ [1] ; this reflects the change of with applied stress, , and is similar to the bulk modulus of the network alone but for a uniaxial stress. We can determine K( 1 ) by measuring 1 in the steady state at the top of the sample as a function of H 0 , which sets the magnitude of the stress, g 0 H 0 . After the sample reaches steady state we measure 1 by skimming a small amount of sample from the top within 2 mm, weighing it, drying it, and reweighing it. The magnitude of increases dramatically with 1 for all samples, as shown in Fig. 2 . The specific behavior depends on both r and c m , but, in each case, the data appear to diverge as 1 approaches c 0:64, the maximum value for random close packing of uniform spheres. To account for this divergence, we fit the data with the functional form
where the stiffness parameter, , is a constant that depends on r and c m . We have included a minimum concentration required for gelation, g 0:03, which we determine empirically from the initial creaming behavior and find to be independent of r and c m in our experimental range; samples with 0 g cream much more rapidly, presumably because the attraction induces clusters that do not gel but instead rapidly cream. We obtain excellent agreement with the data as shown in Fig. 2 . To highlight the divergence as 1 approaches c , we scale each data set by its value of , and plot the results as a function of c ÿ 1 on a logarithmic plot. The data all overlay on a single master curve, exhibiting nearly linear behavior, as shown in the inset in Fig. 2 . The solid line through the data is a fit using the form in Eq. (1). This functional form allows us to determine the compressional modulus directly, Knowledge of K 1 also allows us to predict the full height dependence of 1 . We balance the differential stress with the buoyant weight across a length dz,
We integrate Eq. (3) by separation of variables, using Eq. (2) for K 1 , yielding
where H is the final height of the sample. This allows us to calculate the full profile of the height dependence of 1 , using the values of obtained from the fits in Fig. 2 . To test this prediction, we compare the results with experimental measurements, which are obtained by extracting small volumes of the sample at different heights using a long syringe, and determining their 1 . The agreement is excellent, as shown by the comparison between the data points and the lines in Fig. 3 for samples with R 360 nm, c m 0:16 g=ml and for r 4:5 and 6 nm. We obtain equally good agreement with this functional form for all other emulsions, where we vary R, c m , and r, and use only the single fitting parameter, . We also obtain excellent agreement between the measured and calculated values of H and at the top of the sample, as shown in the inset to Fig. 3 .
We can also use the compressional modulus to determine the evolution of the height of the sample as it begins to cream. Provided there is no sudden collapse, this evolution is described by the theory for poroelasticity [13] , which accounts for the relative flow of fluid through the network. However, since the relative change of the volume fraction, , is large, we extend the theory to account for changes in . The stress across any region of the sample, @=@z, reflects a balance of the gravitational stress with the pressure, p, due to fluid flow through the network, and the elastic stress of the gel due to depletion, ÿ g @p @z K @z @z : (5) We note that Eq. (3) is a steady-state case of Eq. (5), at which there is no fluid flow and the pressure gradient is zero. The pressure due to the fluid flow is given by Darcy's law, which relates the fluid velocity to the pressure gradient [13] . However, since is changing, we must also ensure continuity, giving @ @t @ @z @p @z 0;
where is the permeability of the network, and is the fluid viscosity. Combining Eqs. (5) and (6) results in a diffusion advection equation for p, @p @t ÿ K @ @z @p @z ÿ g @p @z 0:
Here the second term is a diffusive contribution, reflecting the effect of the compressional modulus to evenly spread the suspension, while the third term is the advective contribution, reflecting the tendency to cream due to the gravitational stress. To solve Eq. (7), we use a constant initial pressure gradient @p=@zj t0 g 0 throughout the sample and take @p=@zj z0 0 at the top of the sample, while p zH 0 remains constant at the bottom of the emulsion. We approximate the permeability as 0 0 = 2=3ÿd f [13] , where d f is the network fractal dimension. From the initial velocity of the creaming profiles, we estimate 0 5 10 ÿ13 m 2 [13] and from analysis of images of the network using either box counting or the structure factor, obtained by Fourier transforming the image [14] , we estimate d f 1:8. We solve Eqs. (6) and (7) numerically, calculate the height of the sample from conservation of material, R Ht 0 dz 0 H 0 , and obtain excellent agreement with the measured data, as shown by the solid lines in the right inset in Fig. 1 , provided there is no delayed collapse, which is not described within this picture.
The behavior of these gels is characterized by their compressional modulus, which determines the stress they can support, . There is a direct analogy with equilib- [4, 5] . This can be determined from the height dependence of [4] . By contrast, particle gels are not in equilibrium, so their height dependence can not determine an equation of state; instead it reflects the steady-state behavior of the network. For the network, is analogous , but again is not an equilibrium quantity. Interestingly, however, both and exhibit the same divergence with volume fraction, c ÿ ÿ1 [15] . For hard spheres, this divergence reflects the consequences of the repulsive interaction between particles, as they are increasingly crowded together [16] . It presumably reflects the same effects for the networks; even though there is an attractive interaction between particles, when becomes increasingly large, the repulsive interaction dominates. Finally, the emulsion droplets are themselves deformable; however, their deformability scales as the Laplace pressure, =R, where is the surface tension. Since =R 10 4 Pa while is typically no larger than 100 Pa, drop deformation is unlikely to play a role in the behavior. Despite the apparent similarity with repulsive hard spheres, the attractive interaction does, nevertheless, play a critical role in the behavior. In the case of hard-sphere suspensions, both and K scale as the thermal energy, k B T=R 3 . By contrast for the emulsion gels, and K scale with the stiffness parameter, . This constant should reflect the attractive interaction between neighboring particles. Since it has units of stress, we expect it to scale as the force between two neighboring particles divided by the area of the interparticle bond. From dimen-sional analysis, the force scales with the bond energy divided by the width of the bond, U=r, while the area scales with R 2 , and
We obtain excellent agreement with this prediction for all experimental samples, using both micelles and polymer as depletants, as shown in Fig. 4 . Physically, this behavior implies that the compressional modulus reflects two effects: Squeezing the particles together must require local rearrangements in particle positions, which is counteracted by the attractive interaction, reflected through the contribution of . In addition, the particles are themselves squeezed together, which is counteracted by the local repulsive interaction, reflected by the c ÿ ÿ2 scaling. The agreement between the data using polymer and micelles as depletants confirms the generality of this behavior.
The results presented here provide a means to quantitatively predict stability of depletion-attraction colloidal gels against gravitationally induced phase separation. They highlight the role of the attractive interaction between particles. However, they do not address the important issue of delayed collapse, which can also impact stability.
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